A novel actin-related protein (arp) was found in the plant pathogenic fungus, Colletotrichum gloeosporioides f. sp. malvae (Cgm), which causes anthracnose disease of round-leaved mallow (Malva pusilla). Sequence comparisons showed that this gene, arpA, belongs to the highly divergent`other arps' category in the current arp classification system. ArpA is most similar to the arp11 gene of Mus musculus but has a unique structure with deletions at the C-terminus similar to that of the arp10 gene of Saccharomyces cerevisiae. A portion of another putative arp gene, arpB, was found immediately downstream of arpA. Expression of arpA was compared to the constitutively expressed Cgm actin gene, actA. In culture, the relative expression of arpA increased when growth conditions favored sporulation. During infection, arpA expression was greatest at the late necrotrophic phase, when sporulation occurred. Arps have been shown to be important in nuclear migration in fungal hyphae, and the expression pattern of arpA indicates that it may have a particular role during sporulation. ß 2001 Published by Elsevier Science B.V. on behalf of the Federation of European Microbiological Societies.
Introduction
The actin-related proteins (arp) belong to a diverse, ancient superfamily of actins, which all share a structural feature known as the actin fold [1] . Many arp genes were discovered accidentally based on their relatively low sequence similarity with actin genes, and they have now been identi¢ed in a wide variety of animals, plants, protists and fungi. Arps share between 17 and 60% amino acid identity with actin [2] . Although arps are highly divergent, they have been classi¢ed into three families based on sequence homology; however, many do not ¢t into any arp family and have been categorized as`other arps' [2] . The function of most arps is unknown, but they appear to have a wide range of roles, including vesicle motility, mitosis, actin ¢lament dynamics, and chromatin structure [2, 3] .
Fungi have only a single actin gene per genome, and because actin genes are constitutively expressed, they have proven useful in assessing the proportion of fungal RNA in infected plant tissue [4^7] . However, in addition to an actin gene, some fungi also have multiple arp genes. Saccharomyces cerevisiae, for example, has 10 di¡erent arp genes with 17^46% identity to actin [8] . Most fungal arp genes have been described from yeasts, and the only arp genes described thus far from any ¢lamentous fungus have been from Neurospora crassa [2] . Thus far, no arp gene has been reported from a phytopathogenic fungus.
Colletotrichum gloeosporioides (Penz.) Penz. and Sacc. f. sp. malvae (Cgm) is a phytopathogenic fungus that causes anthracnose disease of round-leaved mallow (Malva pusilla Sm.) [9] . Cgm infects round-leaved mallow in two stages. The ¢rst is a symptomless biotrophic phase, in which a primary vesicle invaginates a host epidermal cell, and then large primary hyphae grow intracellularly through adjacent epidermal cells. The second stage is necrotrophic, in which thin secondary hyphae colonize host tissue both inter-and intracellularly, and symptoms, such as tissue maceration, become apparent [9] . This type of infection process is termed intracellular hemibiotrophy [10] .
The purpose of this research is to describe two novel putative arp genes from Cgm, arpA and arpB, and to gain insights into the role of arpA by examining its expression during infection and in axenic culture compared to actA, a constitutively expressed Cgm actin gene that has been previously characterized [5] .
Materials and methods

Biological materials
Growth of Cgm and round-leaved mallow, and inoculations were done as per Jin et al. [5] . DNA and RNA isolations were done as per Shih et al. [11] . Samples from infected plants were obtained at 24, 48, 72, 96, and 120 h after inoculation.
Isolation of the arpA and arpB genes
During the cDNA cloning of the 5P end of the actA gene from Cgm using the 5P-RACE Marathon1 cDNA ampli¢cation kit (Clontech, Palo Alto, CA, USA) with the actinF primer [5] , another DNA fragment (approx. 500 bp) was cloned that had a relatively low identity (19^24%) to various actin genes including actA of Cgm [5] . This gene was designated arpA. Speci¢c primers for arpA were designed for use in the 3P-RACE Marathon1 cDNA ampli¢cation kit (Clontech). These were primer SJ10 (5P-GATTCGCGACCACGTAGG-3P) and a nested primer SJ11 (5P-CCACTTGTCTCGGCCGCG-3P) that were paired against primer AP1 (5P-CCATCCTAATACGACT-CACTATAGGGC-3P) and a nested primer AP2 (5P-ACT-CACTATAGGGCTCGAGCGGC-3P) supplied with the Marathon1 cDNA ampli¢cation kit. The reaction was prepared as per the manufacturer's instruction with 1 Wl of cDNA prepared as described below. Ampli¢cation conditions were 94³C for 120 s, followed by 35 cycles of 94³C for 30 s, 60³C for 30 s, 72³C for 30 s, and then 72³C for 5 min.
The 3P end of arpA plus a region downstream of its stop codon, which included a portion of arpB, was cloned using a genomic DNA library of Cgm and the Universal Genome1 Walker kit (Clontech). The primer ACTL5F (5P-GTAATACGACTCACTATAGGGC-3P) was paired with the AP1 primer supplied with the kit. The reaction contained 1 Wl of genomic DNA template, 0.2 mM dNTP, 1UPCR bu¡er, 1.0 WM of each primer and 1 U Taq polymerase (Amersham Pharmacia Biotech). Ampli¢cation conditions were 94³C for 120 s followed by seven cycles of 94³C for 15 s and 72³C for 3 min, and then 32 cycles of 94³C for 15 s and 67³C for 3 min, and a ¢nal cycle of 67³C for 4 min. A nested primer ACTF (5P-TCGCGACCACG-TAGGACT-3P) was designed for ampli¢cation of primary PCR products with the AP2 primer (5P-ACTATAGGG-CACGCGTGGT) supplied with kit. The nested reaction was as described above except it contained 1 Wl of 25Udi-lution of primary PCR product and 2 U Taq polymerase. Ampli¢cation was conducted at 94³C for 3 min, followed by 35 cycles of 94³C for 30 s, 55³C for 30 s and 72³C for 50 s, and 72³C for 7 min. PCR products were cloned and sequenced as per Shih et al. [11] .
Northern and Southern blot analysis, and RT-PCR
Northern and Southern hybridizations were performed according to Shih et al. [11] . The probe was prepared from a Cgm cDNA clone of the arpA gene. RT-PCR was performed as per Goodwin et al. [12] . For RT-PCR, 4 Wl of total RNA was used as a template using a OneStep RT-PCR kit (Qiagen). PCR reaction was prepared as per the manufacturer's instruction with 0.6 WM of primers ACTL5F and ACTL3F to amplify arpA, and 0.6 WM of primers ACT1 (5P-GTCACCAACTGGGACGAC-3P) and ACT2 (5P-CGCTCGTTGCCAATGGTG-3P) to co-amplify actA as an internal control. The actin-speci¢c primers, ACT1 and ACT2, were mixed in a ratio of 7:3 between unmodi¢ed primers and modi¢ed primers, which were synthesized with a 3P-spacer C3 CPG column (Glen Research, Sterling, VA, USA). These modi¢ed primers anneal but do not allow polymerase activity, which permitted actA ampli¢cation to be compatible with arpA ampli¢cation. Ampli¢cation parameters were 52³C for 30 min, 95³C for 15 min, followed by 35 cycles at 94³C for 50 s, 56³C for 50 s and 72³C for 60 s, and then 72³C for 7 min. All experiments were repeated at least three times.
Protein sequence comparisons
Protein sequences were aligned with the program CLUSTAL-X ver. 1.81 [13] using default parameters. In addition to the arpA and arpB sequences obtained in this study, other actin and arp sequences were obtained from GenBank (Table 1) . After alignment with CLUSTAL-X, minor adjustments were made to improve alignments following visual inspection. A dendrogram was generated using the neighbor joining method [14] implemented in CLUSTAL-X. In CLUSTAL-X, the genetic distance matrix that is used as input for the neighbor joining method is calculated as divergence, where 1 minus the number of positions in common is divided by total number of positions ignoring positions with gaps or unknown residues. Bootstrap analysis (1000 replications) was also performed with CLUSTAL-X to provide con¢dence limits on tree topology, and the output ¢le was saved in PHYLIP New Hampshire format. Dendrograms were produced from the output ¢le with the program TREEVIEW ver. 1.6.1 and modi¢ed using COREL 0 PRESENTATIONS ver. 7.
Results
Identi¢cation of arpA and arpB
During the cloning the 5P end of the actin gene, actA, of Cgm [5] , a fragment of another cDNA sequence was obtained which had homology with actin and arp genes of other organisms. The remainder of this gene was then cloned from both cDNA and genomic DNA and was designated arpA (GenBank accession number AJ291495). Southern blot analysis revealed single hybridizing bands after restriction with several enzymes, except PstI, which had a predicted cut site in the sequence, indicating that arpA is a single copy gene (Fig. 1) . The cDNA sequence of arpA includes 84 bp upstream of the putative start codon and a poly(A) tail, and the genomic DNA sequence also included a 602-bp sequence downstream of the stop codon.
The open reading frame of arpA (804 bp) putatively encodes a 268-amino acid protein with a calculated molecular mass of 30.5 kDa and a pI of 8.91. A comparison of the genomic DNA and cDNA sequences identi¢ed a 69-bp intron with the consensus sequence for 5P splicing site (GT(A/G/T)(A/C/T)G(T/C)) and 3P splicing site ((C/T)AG) that is typical of fungal genes [15] . The putative branch point sequence ATGAA within the intron was also found and is consistent with consensus sequence (A/C/T)T(G/T)A(A/C/T) of the intron observed in the actin gene of Cyanophora paradoxa [16] . A comparison of the genomic and cDNA sequence identi¢ed the site of the poly(A) tail addition, which was 19 bp from the stop codon. However, the typical eukaryotic polyadenylation sequence (AATAAA) was not found at this site. The TATA box or the CAAT motifs were not observed in the 84 bp of sequence upstream of the start codon. There are many instances where these consensus sequences are absent in fungal genes [17] .
An examination of the 602-bp downstream region from arpA identi¢ed another sequence starting 208 bp from the stop codon that also had homology to actin and arp genes. Beginning with the predicted start codon, the ¢rst nine amino acids of this putative arp gene exactly matched a portion of the arpRo7 gene of N. crassa. Although no TATA box or CAAT motifs were observed in the sequence between this sequence and arpA, it appears that another arp gene is located immediately downstream of arpA, and this putative second arp gene was designated arpB (GenBank accession number AJ305308). The sequence of arpB did not include a stop codon, and it is likely that a partial sequence of this arp gene was obtained.
ArpA and arpB were compared to a number of other arp and actin genes (Table 1 ) by distance analysis (Fig. 2) . The unrooted tree ( Fig. 2A) agrees with the tree of Schafer and Schroer [2] showing the relationships of actin, arp groups 1^3 and`other arps' categories. The deeper branch points for the arp genes compared to the actin genes re£ect their greater level of sequence diversity ( Fig. 2A) . Both arpA and arpB are in the`other arps' category, and these two sequences only show 8% identity. The results from the bootstrap tree (Fig. 2B) show that arpA is most similar to arp11 of Mus musculus with 16% identity and arpB is most similar to ArpRo7 of N. crassa with 47% identity. However, because of the variable regions in these sequences, the bootstrap value for the branch containing these four sequences is relatively low (35%). The true actin genes, K-Actin, L-Actin, Q-Actin, and ActA-Cgm, clustered together with a 100% bootstrap.
Expression analysis of arpA
To determine the expression of arpA during infection, relative RT-PCR experiments were undertaken with arpAspeci¢c primers spanning the 69-bp intron and actA-speci¢c primers for the constitutively expressed actin gene of Cgm [5] . The level of ampli¢cation of the arpA fragment was then compared to that of actA, which served as an internal control. The length of the intron of arpA was con¢rmed by a comparison of the size in bp of the band ampli¢ed by the arpA-speci¢c primers from genomic DNA and cDNA (Fig. 3) . Actin expression was found in all samples except at time 0, which was non-inoculated plant tissue. Expression of arpA was ¢rst detected at 24 h after inoculation and remained comparatively stable until it increased relative to actA at 120 h after inoculation (Fig. 3) . This is the time when the fungus has completed colonization of the tissue and sporulation begins to occurs. The level of arpA expression relative to actA at 120 h after inoculation was similar to that of fungal hyphae grown on potato dextrose agar (PDA) (Fig. 3) . Relative expression of arpA is related to expression in the hyphae rather than in the spores produced on PDA because the spores had been removed from the cultures prior to RNA preparation. Relative expression of arpA in the extracted spores (lane S) was much lower than that found in the hyphae (lane H) on PDA (Fig. 3) . These results were Table 1 . Protein sequences were aligned with the program CLUSTAL-X ver. 1.81 [13] using default parameters. The dendrogram was generated using the neighbor joining method [14] implemented in CLUSTAL-X, and produced with the program TREEVIEW ver. 1.6.1. Branch lengths re£ect genetic distance between taxa based on divergence. B: Bootstrap analysis of the tree using CLUSTAL-X. Percentages from 1000 bootstrap replications are shown near the corresponding branches. Branch lengths do not re£ect genetic distance. Fig. 3 . Relative RT-PCR of the expression of arpA (upper band) with actA (lower band) as an internal control from healthy or infected round-leaved mallow tissue, or Cgm culture. Lane G is from Cgm genomic DNA, and lanes 0 to 120 are from cDNAs from leaf samples taken just prior to inoculation with conidia of Cgm (time 0) and at 24, 48, 72, 96, and 120 h post inoculation. Lane H is from cDNA of Cgm hyphae growing of PDA after removal of the conidia, and lane S is from cDNA of Cgm conidia produced on PDA. Lane M is 100-bp size markers. also con¢rmed by Northern blot analysis (data not shown).
Spore production relative to vegetative growth by Cgm can be controlled by altering nutrient levels in culture. More dilute levels of PDA in media, for instance, result in fewer conidia relative to hyphal growth. Cgm grown in medium containing a 1:40 dilution of PDA will still produce a considerable amount of hyphae, but an average of only 5.7 þ 2.5U10 4 conidia are formed per plate compared to 2.1 þ 0.2U10 6 conidia when Cgm is grown in fullstrength PDA. Relative RT-PCR of hyphae from these two media showed that expression of arpA relative to actA was signi¢cantly higher in full-strength PDA versus 1:40 diluted PDA medium (Fig. 4) .
Discussion
Amino acid alignments between actin and arps show that arps are highly divergent except for conserved regions de¢ning the actin fold, which is a tertiary structure that permits interactions between actin, arps and other molecules [2] . Based on their amino acid identity to conventional actin, arps are divided into three major classes, Arp1 at V50%, Arp2 at V45% and Arp3 at V35% identity [2] . However, many arps are grouped together as`other arps', which have even lower levels of identity with actin, and this group appears to contain the largest number of arps. For example, in S. cerevisiae, arp genes in classes Arp1, Arp2 and Arp3 had previously been described with 38^45% identity to actin, but a search of the complete S. cerevisiae genome for arp sequences identi¢ed a total of 10 arp genes with all the remaining seven arps in the`other arps' category with 17^30% identity to actin [8] . Such low levels of identity indicate that the actin fold can tolerate tremendous sequence diversity.
The alignment of the arpA and arpB of Cgm with actin and other arp sequences shows they are in the`other arps' category. Although arpA is most similar to arp11 of M. musculus, arpA has deletions at the C-terminus making it smaller than these other arps. Alignment of arpA with the arp10 gene of S. cerevisiae showed that the deletion in arpA was similar to that in arp10, which has sub-domain 4 missing [8] . No other arp genes from S. cerevisiae or any other eukaryote have been described thus far with this feature, and the only other report of a deletion in this sub-domain is in the StbA protein of Escherichia coli, which may be involved in both plasmid stability and cell shape [8, 18] . Schafer and Schroer [2] suggested that changes, such as insertions and deletions, probably provide the basis for the novel cellular properties of arps that di¡er from conventional actin. The combination of sequence similarity to arp11 of M. musculus and the absence of a sub-domain 4 region indicates that arpA has a novel structure compared to other arps and thus likely has a novel function. As relatively few arps have been described in the`other arps' category, the discovery of arpA helps to show the range of variation in this arp gene class.
Another possible arp gene, arpB, may be present just downstream of arpA. Although only a portion of arpB was cloned, it appears to belong to the actin family because sequence comparisons with arpB showed that the greatest similarities were with actin and arp genes, particularly arpRo7 of N. crassa. However, few conclusions can be made about arpB since only a portion of this possible arp was cloned, and no examination of its expression was undertaken. However, its presence indicates that there are more arp genes to be discovered in Cgm.
Expression of arpA was always detected in the fungus, both in culture and during infection, indicating a basal level of expression. However, its expression did vary relative to the constitutively expressed actin gene of Cgm, actA [5] . During infection, arpA gene expression showed a major increase relative to actA at 120 h after inoculation, which is at the end of the necrotrophic phase when sporulation occurs. In culture, the level of expression of arpA relative to actA was higher in the hyphae producing conidia than in the conidia themselves and was higher under conditions favoring greater conidia production. Since the higher level of expression appeared to be related to sporulation, but was not due to arpA transcripts accumulating in the conidia themselves, the level of expression may be related to some aspect of conidiogenesis.
One important function of arps may be to link the actin ¢laments to the microtubule system, which would be needed in ¢lamentous fungi for the migration of the apical nucleus to the hyphal tip. The only arp genes studied thus far in a ¢lamentous fungus are the Ro7 and Ro4 genes of N. crassa, which are associated with cytoplasmic dynein, the microtubule-associated motive force for nuclear movement, and dynactin, the dynein activator [19] . Mutants in ro genes have an abnormal distribution of nuclei which aggregate in clusters, and the hyphae frequently lack apical nuclei. The mutants also have curled and branched, rather than straight, hyphae suggesting that the apical nucleus is involved in directing growth [20] . If arpA is also associated with dynein or dynactin in Cgm, then they may be involved in nuclear movement, and perhaps higher levels are needed for this function during conidia formation.
ArpA encodes a novel arp that shows induction corresponding with sporulation. Arps have a diverse range of functions, and disruption of the arpA gene will help to demonstrate its role. However, gene disruption has not yet been successful with Cgm despite numerous approaches. Once it becomes feasible, then disruption of arpA would be of interest to examine if hyphal growth and sporulation is altered and if these changes resemble those of the ropy mutants of N. crassa.
